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ABSTRACT
Despite the success of discovering transiting exoplanets, several recently observed ob-
jects (e.g. KIC-8462852, J1407 and PDS-110) exhibit unconventional transit signals,
whose appropriate interpretation in terms of a spherical single body has been chal-
lenging, if not impossible. In the aforementioned examples the presence of a ring-like
structure has been proposed for explaining the unusual data. Thus, in this paper we
delve into the dynamics of a tilted exoring disturbed by a third close companion, and
the role that the Lidov-Kozai mechanism may have to explain irregular and anoma-
lous transit signals of ringed planets, as well as the ring’s early stages. To that end, we
performed numerical simulations and semi-analytical calculations to assess the ring’s
dynamical and morphological properties, and their related transit observables. We
found that tilted ringed structures undergo short-term changes in shape and orienta-
tion that are manifested as strong variations of transit depth and contact times, even
between consecutive eclipses. Any detected anomaly in transit characteristics may
lead to a miscalculation of the system’s properties (planetary radius, semi-major axis,
stellar density and others). Moreover, oscillating ring-like structures may account for
the strangeness of some light-curve features in already known and future discovered
exoplanets.
Key words: Techniques: photometric — Planets and satellites: dynamical evolution
and stability and rings — Stars: individual: KIC-8462852, J1407, PDS-110.
1 INTRODUCTION
Transit light-curve signals encode valuable information
about the star, the exoplanet and its surroundings. An ap-
propriate interpretation can provide us useful information
to understand and characterize the distribution of plane-
tary and stellar properties. Contrary to the straightforward
explanation of simple lightcurves (the most frequent ones),
in recent years we have discovered complex transit signals
that challenge the well-established transit theories. How-
ever, given the complexity of these signals, new findings may
emerge to reveal planetary processes that are absent in the
Solar System.
Mamajek et al. (2012) found a single transit which has
been interpreted as a colossal ring around a sub-stellar ob-
ject orbiting the star J1407. Similarly, Osborn et al. (2017),
have proposed a ring-like structure as a feasible explanation
for the two high-depth eclipses observed for PDS-110 system.
Recently, Boyajian et al. (2016) reported an odd brightness
stellar variability of KIC 8462852, including dramatic and
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irregular dims without any analogous case in exoplanet ob-
servations. The latest object (that has been dubbed for short
“Tabby’s star”) is the most intriguing case. Feasible expla-
nations reported in literature, argue the possible detection
of a younger star with coalescing material orbiting around
it (Lisse, Sitko & Marengo 2015), a cloud of disintegrating
comets (Boyajian et al. 2016; Bodman & Quillen 2016) and
a planetary debris field (Lisse et al. 2015; Boyajian et al.
2016), as well as the combined effect of a huge planetary
ring and co-orbital trojan asteroids (Ballesteros 2017). Be-
yond these well-known cases, there are lots of anomalous
detections in photometric surveys (Burke et al. 2014, and
references therein), that are awaiting for a proper confirma-
tion and explanation.
The discovery of rings around exoplanets (hereafter ex-
orings) is one of the expected outcomes of the forthcoming
exoplanetary research. Although no exoring has been discov-
ered so far (at least around a Jupiter-like planet), theoreti-
cal investigations (Schlichting & Chang 2011; Hedman 2015)
have showed that hypothetical ‘warm rings’, i.e. rings made
of refractory particles instead of volatile ones, could exist
around the most abundant Jupiter-sized planets, namely
© 2017 The Authors
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close-in giants. The detection and characterization of a pop-
ulation of exorings around extrasolar giants is awaiting the
development of novel and fast analysis techniques (Zuluaga
et al. 2015), and more precise photometry provided by future
missions such as JWST and PLATO.
Rings are complex structures and their transit signals
will not be as simple as those of single planets. The most
important dynamical mechanism affecting tilted rings is the
so-called Lidov-Kozai mechanism (hereafter LKM) (Lidov
1962; Kozai 1962). LKM has been successfully applied to
explain unconventional planetary system architectures, such
as planets in highly eccentric orbits (Takeda & Rasio 2005),
formation of hot Jupiters (Lithwick & Naoz 2011), among
others. We hypothesize that LKM may be responsible of
significant changes in the spatial configuration of exorings
around close-in giant planets. These changes may occur in
time-scales short enough to be detected in present and fu-
ture lightcurves of ringed planets. Therefore, we propose
that several anomalous transit signals could be explained
as a consequence of the ring’s complex dynamics.
This paper is organized as follows: Section 2 describes
the behavior of rings under the LKM from an analytic ap-
proach. In Section 3 we show the outcomes of numerical
simulations, performed to asses the evolution of a tilted ring
under the perturbing forces of the host star. Section 4 dis-
cusses the effect of ring evolution on the lightcurves. Finally,
we devote Section 5 to summarize and present the most re-
markable conclusions of this work.
2 THE LIDOV-KOZAI MECHANISM
Particles in an initially tilted ring around a close-in planet
are strongly affected by perturbations of the host star. When
the initial inclination of the ring particles’ orbits, as mea-
sured from the planet’s orbit, is large enough (i.e. io >∼ 39.2◦,
see a depiction of the system in Figure 1), a cyclic exchange
of angular momentum between the particles and the dis-
turber arises. As a result, both the particle’s orbital incli-
nation and eccentricity undergo strong periodic oscillations.
This is the Lidov-Kozai Mechanism. The maximum eccen-
tricity reached by a particle emax depends only on io (see e.g.
Ford, Kozinsky & Rasio 2000 and references therein):
emax '
√
1 − (5/3) cos2 io. (1)
When particle orbits become more eccentric, the shape and
ring’s size ∆ are also affected. Moreover, if io is large enough,
particles in the inner part of the ring may collide with the
planet and the ring is eroded over time. The total depleting
of ring’s particles is avoided only if io is lower than an incli-
nation threshold ith, which depends on planetary radius Rp
and particle initial semi-major axis ar (see Figure 2). The
value of ith is computed from emax, by imposing that the pe-
riapsis distance at maximum eccentricity qr = ar (1 − emax)
be greater than Rp, or equivalently:
cos2 ith '
3
5
(
Rp
ar
)2 (
2
ar
Rp
− 1
)
, (2)
here ar/Rp is bounded between fi and fe, the inner and outer
relative-radius of the ring, respectively. The initial value of
fe is assumed smaller than or equal to the Roche radius
RRoche. However, when the outermost particles reach an ec-
centricity emax, their apoapsis Q = fe (1+emax) become larger
than that limit. Particles reaching those regions may coa-
lesce to eventually drive the formation of moonlets (Crida
& Charnoz 2012). This process could also contribute to the
loss of ring’s particles.
The above mechanisms limit the range of initial sizes
and inclinations that rings should have to survive LKM with-
out loosing a significant fraction of their mass. In Figure 2
we illustrate how the limits of those properties are deter-
mined and used for the numerical experiments described in
the following section.
3 NUMERICAL SIMULATIONS
To test our hypothesis we performed a set of numerical ex-
periments using HNBODY (Rauch & Hamilton 2012), where
a collection of 104 massless and collisionless particles, ini-
tially distributed across a tilted ring, evolves under the
gravitational forces of both a close-in Neptune-like planet
(Mp = 10−4 M, Rp = 2.5 × 104 km) and a Solar-mass star.
The planet is located in a circular orbit with ap = 0.1 au.
The ring has an initial inclination io = 50◦ and inner
( fi) and outer ( fe) relative-radii of 2.11 and 2.81, respec-
tively. The latter value corresponds to the Roche radius as
computed for loose-bound bodies made of refractory ma-
terial, i.e. densities about 2, 000 kg/m3. If we also assume a
ring’s total mass about 1019 kg (that of Saturn’s rings), each
particle will have a mass of about 1015 kg and a size of ∼ 5
km. Particles’ initial positions are randomly generated us-
ing a Poisson Disc Sampling algorithm to avoid oversampled
regions (see e.g. Cook 1986 and references therein), and the
system was allowed to evolve during 300 planetary orbital
periods.
Since our goal here is to estimate the time-scales and
other broader effects of a massive oscillating disk in the light
curve of a transiting planet, we have neglected the effect
that self-gravitation, collisional damping and viscosity have
on the ring’s evolution (see eg. Hyodo & Charnoz 2017 and
references there in). A more accurate approach should take
into account these factors. Also, self-gravitation and colli-
sional damping will act on reducing the dispersion of par-
ticles and circularizing their orbits. Viscosity (which arises
from translational, collisional and gravitational interchange
of angular momentum among ring particles) will contribute
to spread out the disk, increasing the mass-loss rate, and
consequently reducing the ring’s optical depth and damping
its oscillations (Daisaka et al. 2001).
As a side note, it is worth to notice that including the
gravitational interaction among ring particles will also drive
the formation of ringlets and wakes. However, since the dy-
namical time-scales of these processes (several years) is of
the order of ring oscillation damping, their role on the light-
curve evolution could be negligible. On the other hand, the
interaction among ring particles could contribute to self-
organize the oscillating ring. This could actually enhance
the ring’s signal, but also modify the oscillation’s time-scales
predicted here.
A graphical illustration of the results of our numeri-
cal experiments are presented in Figure 3. Spatial config-
uration of the resulting structure as viewed from different
projections at the time of planetary transits are depicted
in 25 snapshots (250 planetary periods). As it is evident in
the face-on projection (left panel), the ring’s width changes
significantly whilst the whole structure oscillates. From a
MNRAS 000, 1–5 (2017)
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Figure 1. Schematic representation of a ringed planet when passing in front of its host star. The initial inclination of the ring plane is
io . The unitary vector nˆ points in the direction of the average angular momentum of the ring particles. α, β and γ are the angles between
nˆ and the coordinate axis x, y and z, respectively. The x-axis points in the direction of the observer.
Figure 2. Left panel: minimum periapsis q and maximum apoapsis Q reached by particles in the inner (in subscript) and outer edge
(out subscript) of rings with different initial inclinations io, at emax. Black and red vertical dotted lines represent the initial inclination
io used in our simulations and the threshold inclination ith (see Equation 2) respectively. Right panel: original (blue strip) and estimated
ring width (area with dots) for io = 40◦, 50◦ at emax.
cursory comparison between the first and last snapshot, we
realize that ∆ ‘expands’ by a factor of ∼3, which is notice-
able in the left panel (lower plot) of Figure 4, that gives a
better insight about the broadness evolution. To follow the
changes in the ring’s orientation, we computed the ringlets’
total angular momentum. This quantity gives us the direc-
tion of the plane vector nˆ (see Figure 1). The orientation of
the ring (plotted in the upper panel of Figure 4) is calcu-
lated for the entire lifespan of the system, by means of the
director cosines or director angles α, β and γ also depicted
in the left panel (upper plot) of Figure 1.
4 EFFECT IN LIGHTCURVES
Numerical simulations suggest that a tilted ring subject to
LKM, evolves towards a toroidal-like structure. Computing
the transit signal of such a complex body is not trivial. Fur-
thermore, we have noticed in our simulations that in spite of
the three dimensional dispersion, the vertical density of par-
ticles is strongly peaked around the instantaneous Laplace
plane of the ring. As a first approximation we will model the
transit signal of the oscillating rings as that of a unique disc-
like structure, with internal and external radii fi, fe, width
∆ and projected inclination iR = 90◦ − α (see the evolution
of these parameters in the left panel of Figure 4). In or-
der to take into account the variation in vertical dispersion,
we computed the expected transit depth assuming different
values of the effective opacity τ.
To estimate the transit’s observables, namely the ob-
served minimum flux Fobs, the transit depth δ = ARp/A?
(with ARp and A? are the effective projected ring-planet and
MNRAS 000, 1–5 (2017)
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Figure 3. Snapshots of the evolution of a tilted ring for 250 transits. The ring’s face-on, edge-on and on-sky projections are shown in
the left, middle and right panel, respectively. The sizes are on scale.
stellar area), and the equivalent planetary radius Rp,obs '
√
δ,
we use Eqs. (1), (2) and (3) in Zuluaga et al. (2015).
The results are presented in right panel of Figure 4. As
expected, significant oscillations arise both in Fobs and Rp,obs,
especially in the case of dense rings (higher values of τ). In
that case the transit of the oscillating rings is manifested
by a maximum stellar dimming of ∼ 5 per cent, correspond-
ing to a planet’s observed radius ∼ 3.5 times larger than a
planet without rings. It is worth to notice that the effective
planetary radius estimated from the lightcurve, is consistent
with those values predicted in the analytical results of Fig-
ure 2, giving some confidence on the adopted approximation
to compute the transit’s observables.
The transit signal is mainly determined by the evolu-
tion of the projected inclination α. However, variations in
the spatial extent and width of the ring create additional
dips and peaks in the lightcurve. It is important to stress
that the curves in the rightmost column of Figure 4 only
represent the flux and effective radius at the eclipse’s cen-
tre, and not actual lightcurves. Moreover, the exact value of
those maxima depends on the way that the optical depth
changes in an oscillating ring.
Transit contact times also depend on the evolution of
∆ and α (which is noticeable for different ring’s projections
shown in Figure 3). In a real case these variations give rise
to uncertainties in the planetary orbital period, as well as in
the stellar density Zuluaga et al. (2015).
5 SUMMARY AND DISCUSSION
The recent discovery of anomalous stellar lightcurves, have
inspired the search for astrophysical systems and mecha-
nisms which can drive non-trivial transit signals. In some
cases it has become common to appeal to transient phenom-
ena without any parallel in the Solar System. In this work we
studied a dynamical process, namely the Lidov-Kozai mech-
anism (LKM), capable of producing a quasi-periodic alter-
ation of the transit’s observable features of a young ringed
close-in planet.
For a given set of ring’s initial properties (io, fi and
fe) LKM determines the evolution and final fate of a ring
through three mechanisms: 1) depletion of material of the
ring through collision of particles with the planet at their
periapsides, 2) drifting of ring’s particles beyond the Roche
limit, potentially driving the coalescence of material and the
formation of moonlets, and 3) alteration of the spatial dis-
tribution and thereby ring’s geometrical parameters. Any of
these mechanisms will be quite notorious in the correspond-
ing planetary lightcurves.
LKM and its light-curve signatures are transient in na-
ture. The light-curve depth substantially depends on the ring
projected inclination α, which as shown in the left panel (up-
per plot) of Figure 4 tends to damp (driven by the damping
of the physical ring inclination β). In our case the time re-
quired for the amplitude of β to decay to about 40 per cent
(t40) is only ∼ 9 yr. Therefore, the probability of observing
a system undergoing this process is very small. However, as
LKM oscillation period strongly depends on the distance to
the perturbing object (e.g. the host star), the time-scales for
outermost planets could be relatively large. For instance, if
we assume the same planetary mass but use distances of 0.2,
0.3 and 0.5 au, t40 results in ∼ 20, 35 and 85 yr, respectively,
increasing the chances to detect the predicted anomalies.
LKM could also explain the absence of any ring signa-
ture among the already close-in planets surveyed by Heising,
Marcy & Schlichting (2015) and Aizawa et al. (2017). De-
pending on the ring’s initial mass, LKM may entirely oblit-
erate an initial light ring. On the other hand, if rings are
massive enough, the induced eccentric orbits enhances the
collisional rate of particles, which may contribute to circu-
larize and make more coplanar the particles’ orbits (see dis-
cussion in section 5.4 by Hyodo & Charnoz 2017). The latter
mechanism, coupled with the mass-loss processes described
before, may lead to final low-inclined and less-massive rings
as those observed in the Solar System.
The results presented in this work may also shed light
on the possible fate (and observational signatures) of irreg-
ular moons wiped out by tides (i.e. within the Roche limit).
As shown here, the observation of anomalous lightcurves of
close-in massive planets could be an evidence of these kinds
of processes. Therefore, including the effect of LKM when
preparing present and future searches for exomoons and ex-
orings around close-in transiting planets, could be an inter-
MNRAS 000, 1–5 (2017)
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Figure 4. Left panel : upper plot, evolution of the director angles (α, β and γ) of the total angular momentum of ring particles, nˆ; lower
plot shows the evolution of the ring effective extent, fi (yellow) and fe (green), and width (black solid line). Right panel : upper plot,
effective planet size as obtained from eclipse maximum depth, and minimum stellar flux (lower plot) as computed assuming different
effective optical depths τ.
esting task to pursue, if not mandatory. To notice here, our
results are restricted to close-in planets. However, LKM may
also operate if the external perturber, instead of the host
star, is a massive moon or even a close planetary compan-
ion. In those cases the anomalous transit signals described
here could also be observed in ringed planets located at con-
siderably larger distances from their stars.
Our simulations assume a dense ring without any sub-
structure (ringlets, wakes or gaps). For instance, gaps could
produce remarkable signatures in the lightcurve (as observed
for the cases of J1407b and PDS-110), but LKM oscilla-
tions tends to erase any trace of them due to the signifi-
cant induced changes in the orbits’ eccentricity. That said,
it could be interesting to study the effect that LKM has on
the evolution of any ring substructure, but they have much
larger formation time-scales than the processes considered
here (Daisaka et al. 2001). The gaps’ formation could require
the presence of moons that accrete or disperse the mate-
rial in time-scales of many orbital periods. The ringlets’ for-
mation will require several diffusion time-scales (Tremaine
2003). In this sense, our results are restricted to young discs
where some of these effects are just happening or about to
arise. Nevertheless, our outcomes (Figure 3) exhibit some
void and overdensed regions, which might be confounded in
lightcurves with the aforementioned substructures, although
these features do not remain over time.
Finally, in the light of our results, it could also be
possible to speculate about the nature of the hypothetical
object orbiting KIC-8462852. Provided enough information
one may fit the observable signatures to a large oscillating
disc made of circumplanetary debris subject to LKM. We
speculate that if consecutive observations evidence some sig-
natures of damped oscillations in the observed transit depth,
we could be witnessing for the first time the disruption of a
moon and the birth of a new ringed exoplanet. However, the
confirmation or disprove of this hypothesis is well beyond
the scope of this paper.
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